Introduction
The Allee effect is a concept that, having been poorly studied for decades, is now once again recognized as an important phenomenon in many fields of ecology and evolution. Allee effects occur whenever fitness of an individual in a small or sparse population decreases as the population size or density also declines [1, 2] .
Various mechanisms generating Allee effects have been suggested (Table 1) , having been largely studied as singular entities. However, despite accumulating evidence (Table 2) , the possibility that two or more Allee effectgenerating mechanisms act simultaneously upon a single population is not yet widely recognized. Here, we demonstrate their ubiquity, with examples from terrestrial and marine ecosystems, from plants, invertebrates and vertebrates, and from natural and exploited populations.
Implications of multiple Allee effects for population growth are also not yet understood. For example, if each single Allee effect were to yield different extinction thresholds, what would be the value of the threshold resulting from the simultaneous presence of several Allee effects? We propose several plausible scenarios of how multiple Allee effects might interact, and emphasize the importance of the outcomes of these scenarios for biodiversity conservation. Overall, we suggest that multiple Allee effects could markedly affect the dynamics of the species concerned, and that the importance of multiple effects is concealed by the current lack of information about their prevalence.
Phenomenological classification of Allee effects
Understanding the importance of multiple Allee effects requires a clarification of the terminology used for single Allee effects. The two main pairs of concepts related to these effects are component-demographic and weakstrong Allee effects (see Glossary).
Component-demographic Allee effects
Component Allee effects designate a positive relationship between any measurable component of individual fitness and either numbers or density of conspecifics. For instance, plants occurring at low density can receive a reduced
Glossary
Allee threshold: critical population size or density below which the per capita population growth rate becomes negative ( Figure 1 ). Anthropogenic Allee effect: mechanism relying on human activity, by which exploitation rates increase with decreasing population size or density: values associated with rarity of the exploited species exceed the costs of exploitation at small population sizes or low densities. Component Allee effect: positive relationship between any measurable component of individual fitness and population size or density. Demographic Allee effect: positive relationship between total individual fitness, usually quantified by the per capita population growth rate, and population size or density. Dormant Allee effect: component Allee effect that either does not result in a demographic Allee effect or results in a weak Allee effect and which, if interacting with a strong Allee effect, causes the overall Allee threshold to be higher than the Allee threshold of the strong Allee effect alone. Double dormancy: two component Allee effects, neither of which singly result in a demographic Allee effect, or result only in a weak Allee effect, which jointly produce an Allee threshold (i.e. the double Allee effect becomes strong). Genetic Allee effect: genetic-level mechanism resulting in a positive relationship between any measurable fitness component and population size or density. Human-induced Allee effect: any component Allee effect induced by a human activity. Multiple Allee effects: any situation in which two or more component Allee effects work simultaneously in the same population. Nonadditive Allee effects: multiple Allee effects that give rise to a demographic Allee effect with an Allee threshold greater or smaller than the algebraic sum of Allee thresholds owing to single Allee effects. Predation-driven Allee effect: a general term for any component Allee effect in survival caused by one or multiple predators whereby the per capita predation-driven mortality rate of prey increases as prey numbers or density decline. Strong Allee effect: demographic Allee effect with an Allee threshold ( Figure 1 ). Subadditive Allee effects: multiple Allee effects that give rise to a demographic Allee effect with an Allee threshold smaller than the algebraic sum of Allee thresholds owing to single Allee effects. Superadditive Allee effects: multiple Allee effects that give rise to a demographic Allee effect with an Allee threshold greater than the algebraic sum of Allee thresholds owing to single Allee effects. Weak Allee effect: demographic Allee effect without an Allee threshold (Figure 1) .amount of pollen and, hence, suffer a lowered seed set, as observed in plant taxa ranging from herbaceous temperate plants to tropical trees [1] . By contrast, a demographic Allee effect refers to a positive density dependence observed at the overall fitness level, classically measured by the per capita population growth rate [3] . For example, small populations of the Glanville fritillary butterfly Melitaea cinxia grow at a lower rate owing to a reduced ability of females to find mates [4] . Although component Allee effects need not result in demographic Allee effects [5] , an observation of a demographic Allee effect is, by definition, always evidence of an underlying component Allee effect. When talking about multiple Allee effects, interactions occur between two or more component Allee effects but are assessed at the level of demographic Allee effects.
Weak-strong Allee effects
Whether a demographic Allee effect is weak or strong depends on the opposing strengths of positive density dependence (i.e. Allee effect mechanism) and negative density dependence (i.e. intraspecific competition). Demographic Allee effects are characterized by a hump-shaped relationship between the per capita population growth rate and population size or density ( Figure 1 ). Provided that the growth rate becomes negative at small population sizes or low densities, the population faces a strong Allee effect. The size or density at which the growth rate becomes negative is termed the Allee threshold [6] ; populations that drop below it go extinct. When the per capita population growth rate remains positive (although still hump-shaped) the Allee effect is weak, with no extinction threshold. As we show below, the presence or absence of Allee thresholds in single Allee effects determines the way in which multiple Allee effects interact.
Examples of multiple Allee effects
Given the number of recognized Allee effect mechanisms (Table 1) , it is reasonable to assume that multiple mechanisms might be working simultaneously in a population. We discuss evidence of multiple Allee effects from a general perspective, with specific examples given in Table 2 . We find it convenient to distinguish natural and exploited systems, given that exploited systems can contain human-induced Allee effects. Table 2 contains examples from a variety of taxa from both marine and terrestrial ecosystems. This diverse spectrum of species has a heterogeneous set of life-history parameters (e.g. life span, fecundity, sociality or food-web position), suggesting that multiple Allee effects are not limited to taxa with a specific life history and are not uncommon in different ecosystems. Component Allee effects can co-occur in several ways. Table 2 includes examples in which a component Allee effect affecting reproduction interacts with another affecting survival (e.g. monarch butterfly Danaus plexippus [7, 8] or red sea urchin Strongylocentrotus franciscanus [9, 10] ), where two component Allee effects affecting survival interact (e.g. ribbed mussel Geukensia demissa [11] or desert bighorn sheep Ovis canadensis [12, 13] ) and where two component Allee effects affecting reproduction interact (e.g. marsh gentian Gentiana pneumonanthe [14] ).
Natural systems
In some cases, the same mechanism can affect reproduction and survival. For example, reduced efficiency of foraging (e.g. speckled warbler Chthonicola sagittata [15] ) or cooperative hunting (e.g. African wild dog Lycaon pictus [16] ) in a small group might lead not only to starvation and increased mortality of its members, but also to a reduced reproductive output of those that survive (Table 2) . Genetic Allee effects could also affect reproduction and survival, could operate in most small or sparse populations and, thus, could interact with any non-genetic Allee effect present (Table 1) . However, there is currently little evidence for this (but see the marsh gentian example; Table 2 ).
One can think of other situations in which multiple Allee effects could occur, even though empirical evidence is lacking. For example, rare plants can be both pollen limited ) and reduced offspring survival to maturation, owing to reduced protection against predators (6) and low ability of colonies to acquire resources (10) [45] A Red sea urchin Strongylocentrotus franciscanus Individuals in low-density populations have reduced fertilization efficiency (2) and survival of new recruits owing to a cultivation effect d (12) (e.g. adult urchins, when at high densities, protect juveniles from predation in their canopy of spines and facilitate their feeding) [9, 10] A Ribbed mussel Geukensia demissa
Low-density populations suffer from increased mortality owing to crab predation (7) and winter ice (11) [11]
A Cod Gadus morhua Individuals in small-sized populations have reduced fertilization efficiency (2) and juvenile survival owing to a cultivation effect d (12) (e.g. adult cod prey on species that prey on juvenile cod; fewer adult cod imply higher juvenile mortality) [23, 42] A White abalone Haliotis sorenseni Individuals at small density have reduced fertilization efficiency (2); some populations suffer overexploitation (8) and the species being considered a luxury item is subject to an anthropogenic Allee effect (9) [12, 22, 26] T
Lesser kestrel Falco naumanni
Small colonies suffer from increased nest predation (7) [17] and subject to herbivore-driven Allee effects, analogous to Allee effects owing to predator dilution [18] (Table 1) . Also, reduced seed set in small or sparse populations of trees could be coupled with a disproportionate predation on resulting seeds, owing to failure to satiate seed predators.
Exploited systems
Exploitation can affect systems with Allee effects in several ways. It can reduce population size or density to a level close to or below an Allee threshold [1] or increase the Allee effect strength [2] . More importantly, positive density dependence can be a direct consequence of exploitation [9, 12, 19] . As soon as exploitation rates decrease at a slower rate than does the population size, the probability of any individual being caught increases, generating a component Allee effect. The constant-yield exploitation strategy is an example of this relationship: the annual catch of the Norwegian herring fishery remained almost constant until the stock size was very small [19] . Also, once an exploited species is a bycatch of the exploitation of another, a decline in the secondary species does not act as an economic incentive to reduce its exploitation, which is driven by the target species, again creating a component Allee effect. In the Irish Sea, at least four species of skate and shark have been exploited to extinction while being 'only' a bycatch of fisheries for cod, plaice, sole and other more valuable species [20] .
Finally, there is a new type of human-induced Allee effect, the anthropogenic Allee effect, which characterizes situations where exploitation rates actually increase as the population declines [12] . When rarity is associated with value, high exploitation costs of the few remaining individuals are no longer an economic constraint, and ecological extinction can precede economic extinction. The human activities involved include trading species as luxury products or exotic pets, trophy hunting or ecotourism [12] . In all these cases, a species that becomes rare would be considered more valuable, and would, consequently, suffer enhanced exploitation, and become even rarer.
If an exploited population with a human-induced Allee effect already has a 'natural' Allee effect, the two can interact to produce a double Allee effect. Many marine species suffer heavy exploitation, which has been suggested to generate an Allee effect, and a reduced fertilization success at low densities [9, 10, [21] [22] [23] . Combined with reduced juvenile survival at low densities in cod and red sea urchins, these two species could suffer a triple Allee effect (Table 2) . Desert bighorn sheep are subject to a component Allee effect resulting from higher predation by mountain lions Felis concolor in smaller groups because of lower vigilance [13] . This species is also likely to be subjected to the anthropogenic Allee effect, as its rarity makes it an especially valuable item for trophy hunters [12] ; hunts for these animals are currently selling for US$50 000 and over, per trophy.
Interactions between component Allee effects
How do the multiple Allee effects interact? Although there is currently no answer, an interaction is likely and potential consequences for the concerned populations are sufficient to warrant careful consideration by ecologists. Given that the most distinctive feature of (strong) Allee effects is the occurrence of an Allee threshold, we focus on the magnitude of the Allee threshold that results from the interacting component Allee effects.
It is difficult to imagine cases in which the combined effect of multiple Allee effects is less than that of any single Allee effect. Therefore, we propose that the overall Allee threshold is equal or greater than the largest of the individual Allee thresholds. Although any conclusive demonstration is so far lacking, two lines of evidence make us believe that Allee effects could interact, and that their interaction is far from inconsequential. Indirect evidence comes from the rare marsh gentian [14] . In this species, lowered fecundity caused by a pollen-limitation Allee effect had little influence on the population viability, whereas increased inbreeding in small populations had a small yet significant effect; a strong reduction in population viability was found when the two acted simultaneously.
More straightforward although theoretical support comes from a simple opulation model, which was developed to illustrate some of the possible outcomes of an interaction of two component Allee effects (Box 1). The outcomes of the model vary depending on parameter values determining the strength of the individual component Allee effects. To distinguish weak and strong interaction, the outcomes were classified according to whether the overall Allee threshold is higher or lower than the sum of the two individual Allee thresholds. We call these cases superadditive and subadditive Allee effects, respectively (the terms were borrowed from mathematics; note that superadditivity is in fact a synergistic interaction). Of special interest are the cases in which none of the single Allee effects are strong, yet the double Allee effect is strong; we then speak of dormant Allee effects. A dormant Allee effect also occurs when only one of the single Allee effects is Figure 1 . The relationships between the per capita population growth rate and either population size or density for negative density dependence (dotted curve), and weak (dashed curve) and strong (solid curve) Allee effects. In weak or strong Allee effects, the relationship is positive at low population sizes or densities, where positive density-dependent (Allee effect) mechanisms overpower negative densitydependent (intraspecific competition) ones. It is negative at high population sizes or densities, where the converse is true.
strong but the Allee threshold owing to the double Allee effect is higher than that of the single strong Allee effect. An implication of an occurrence of dormancy is that even a weak Allee effect represents a risk that should be accounted for: should another Allee effect occur, for example through human activities, it could cause the population to go extinct much faster than would be expected from the disturbance alone.
Interactions in managed and exploited populations
We argue that management efforts can be optimized by considering multiple Allee effects, and can be negated by Box 1. Interaction of two Allee effects: a modelling study How can two component Allee effects interact to produce an overall demographic Allee effect ( Figure I) ? To illustrate some of the possible outcomes, we present a simple model of dynamics of a population that is subject to two component Allee effects, one linked to reproduction and the other to survival (Equation I):
where N is population density. Divided by N, all terms are per capita, and the three terms on the right-hand side of Equation I represent, in sequence, positively density-dependent birth rate (mate-finding Allee effect), negatively density-dependent survival rate, and positively density-dependent survival rate owing to predation (predation-driven Allee effect). Positive constants u < 1 and e define intensity of the matefinding Allee effect, s is the maximum birth rate, d is the mortality rate at low densities and in the absence of the predation-driven Allee effect, K > 0 scales the carrying capacity of the population, and positive constants a and b scale the predation rate given by the type II functional response (which implies positively density-dependent probability of an individual escaping predation). Because setting u = 1 and a = 0 switches off the component Allee effect in reproduction and survival, respectively, we can assess the effects of both component Allee effects both in isolation and simultaneously. A straightforward analysis of Equation I shows that the trivial steady state N = 0 is unstable provided that d + a < su, and locally stable if the opposite inequality holds. In the first case, there is one globally stable interior equilibrium corresponding to the carrying capacity of the population; the population is subject to a weak Allee effect provided that s(1 À u)e À d/K + ab > 0, and there is no demographic Allee effect if < 0. If the origin N = 0 is locally stable, there can be either none or two interior equilibria depending on actual parameter values. In the first case, the origin is globally stable; in the second, the higher interior equilibrium is locally stable (carrying capacity) and the lower unstable (Allee threshold). There is no analytical expression that would distinguish these two cases in the parameter space, thus, one has to resort to numerical techniques. -d) demonstrate how the per capita population growth rate depends on population size or density in the vicinity of Allee thresholds corresponding to single and double Allee effects, for specific parameter combinations shown in (e); dotted line, no Allee effect; dashed line, Allee effect in reproduction; dash-dot line, Allee effect in survival; solid line, double Allee effect. AT R , AT S and AT R+S represent the Allee threshold owing to Allee effects in reproduction, survival and both components, respectively. In (e), red dots represent the combinations where there is only either a single or no component Allee effect. Six different patterns of how the two Allee effects (predation driven and mate finding) interact were observed for the parameter values examined, four of which are of particular importance here [corresponding to (a-d)]: superadditivity (white), AT R+S > AT R + AT S ; dormancy (lighter blue), either no AT R or no AT S , AT R+S > AT S or AT R+S > AT R ; double dormancy (mid blue), neither AT R nor AT S , AT R+S > 0; subadditivity (dark blue), AT R+S < AT R + AT S . The remaining two patterns correspond to the cases where two weak Allee effects combine to produce a joint weak Allee effect, and where a weak Allee effect and a strong Allee effect combine such that the overall Allee threshold equals that of the strong Allee effect (black). 4 overlooking them. The consequences of failure to recognize all component Allee effects will largely be determined by the way in which these Allee effects interact.
Opinion
If only one component Allee effect is taken into account when two or more exist, the interaction of Allee effects can raise the overall Allee threshold to such an extent that conservation measures taken to cope with the recognized Allee effect will be inadequate. For example, introducing individuals so as to reach a given population size or density might prove insufficient if overlooked Allee effects raise the value of the extinction threshold. Mooring et al. [13] proposed the release of more than five individual desert bighorn sheep at any one time to overcome the Allee threshold owing to predation; however, managers might consider increasing this number to overcome safely its interaction with the anthropogenic Allee effect owing to trophy hunting [12] . As it is impossible to estimate accurately the Allee threshold from a given component Allee effect, and to finetune management around this value, management of populations with Allee effects should be risk averse.
To eradicate a pest population with a strong Allee effect, it is, in theory, sufficient to bring it below its Allee threshold [24] . The higher this extinction threshold, the less effort might be needed to achieve this goal. Several biocontrol strategies can artificially induce an Allee effect, by disrupting fertilization through the release of sterile males or sex pheromones (mate-finding Allee effect), by introducing a predator or parasitoid with a proper functional response (predation-driven Allee effect), or by removing individuals at a fixed rate (Allee effect owing to constant yield exploitation) [2, 19, 25] . If there were two or more Allee effects interacting in the pest population, the overall Allee threshold might disproportionately increase, and effort could be saved accordingly. Although to our knowledge there is currently no documented example in this field, the plausibility of this idea calls for investigations of the conditions under which multiple Allee effects could help optimize pest control.
Some exploitation strategies can themselves be a source of a component Allee effect, as explained earlier. If a natural Allee effect acts in the same population, the overall Allee threshold might increase owing to an interaction of the two, and there is a significant risk of overexploitation if that interaction is not recognized or if the Allee threshold owing to the natural Allee effect is considered the safety limit for the stock size. Even if eventually halted, exploitation can bring the population close to or even below the Allee threshold corresponding to the natural Allee effect. Several species of California abalones could be a typical example of stocks being unable to bounce back even after complete cessation of fishing, because of an unsuspected Allee effect acting in concert with overexploitation [22] . More than ten years after closing the fishery, it appears that an overlooked matingrelated Allee effect (abalones as broadcast spawners need to exceed a critical density for an efficient fertilization [9, 26] ) might have combined with an anthropogenic Allee effect [12] to drive the population below the levels that were then considered safe for exploitation (Table 2 ).
Conclusions and future research
We show here that positive density dependence (Allee effect) in two or more fitness components might not be uncommon and that consequences of multiple Allee effects for population dynamics can, in theory, be far from inconsequential. Multiple Allee effects occur by combining a variety of component Allee effects affecting reproduction and/or survival, in a range of taxa and habitats, and appear to interact so that the overall effect can be disproportionately large, relative to the effect of any single component Allee effect. We propose that multiple Allee effects cannot be disregarded whether managing threatened, pest, or exploited populations.
The challenge now is to demonstrate the prevalence and strength of these effects, both theoretically and empirically. We envisage three main avenues for further research. First, we call for a continued search for empirical evidence of multiple Allee effects, with particular emphasis on their interaction. Second, general-purpose population models with two or more component Allee effects should be developed and analysed. Third, specific population models of species listed in Table 2 could help reveal how component Allee effects interact in nature. This endeavour is especially important in systems where human activity has a significant role, if sustainable development and conserved biodiversity are to remain primary goals of conservation biology.
